The structure and backbone dynamics of rat holo cellular retinol-binding protein II (holo-CRBP II) in solution has been determined by multidimensional NMR. The ®nal structure ensemble was based on 3980 distance and 30 dihedral angle restraints, and was calculated using metric matrix distance geometry with pairwise Gaussian metrization followed by simulated annealing. The average RMS deviation of the backbone atoms for the ®nal 25 structures relative to their mean coordinates is 0.85(AE0.09) A Ê .
Introduction
Cellular retinol-binding protein II (CRBP II) is a 15 kDa cytosolic protein that binds all-trans-retinol, and all-trans-retinaldehyde but not retinoic acid (Li & Norris, 1996) . It is a member of a large family of intracellular lipid-binding proteins that bind fatty acids, retinoids and bile acids. Expression of CRBP II is restricted to the small intestinal villus cells and to the neonatal hepatocyte, whereas its close homologue, cellular retinol-binding protein (CRBP), is distributed widely throughout the body. CRBP has recently been shown to be essential for storage of vitamin A in the liver (Ghyselinck et al., 1999) . Studies of null mutant CRBP II mice are currently underway (E et al., 1999) . In addition to the distinct patterns of gene expression, there are differences in how CRBP and CRBP II interact with ligands and with retinoid metabolizing enzymes such as lecithin:retinol acyl transferase, which suggest that the physiological role of CRBP II is distinct from that of CRBP.
Retinol dissociates from CRBP II far more readily than it does from CRBP (Li et al., 1991) . Transfer of retinol from CRBP II to lipid membranes appears to occur by a diffusional mechanism, whereby retinol spontaneously dissociates from the binding pocket, and diffuses through the aqueous medium prior to reaching the acceptor lipid vesicle. In contrast, transfer of retinol from CRBP appears to occur by a collisonal mechanism, whereby transfer takes place only after direct contact between CRBP and the acceptor vesicle (Herr et al., 1999) . How retinol can enter and leave CRBP II is not apparent from the apo and holo crystal structures of this protein (Winter et al., 1993) . CRBP II binds all-trans-retinol with high af®nity within a large cavity formed by a ten-stranded antiparallel b-sheet (A-J) and capped on one side by two a-helices. The crystal structures of apo and holo-CRBP II are virtually identical and their binding cavities are both virtually solvent-inaccessible. Increase in size-exclusion retention time (Herr & Ong et al., 1992) and reduced sensitivity to limited proteolysis (Jamison et al., 1994) on binding alltrans-retinol, indicate that CRBP II conformation is altered by ligand binding. These differences in conformation may not be sampled adequately in the crystalline form. To study the solution conformation and backbone dynamics of CRBP II, we have performed a series of multidimensional, highresolution NMR experiments on uniformly 13 C and 15 N-enriched Escherichia coli-derived rat CRBP II. We have recently reported the solution structure and backbone dynamics of apo-CRBP II, which revealed an increased accessibility to the binding pocket compared to that previously observed in the crystal structure (Lu et al., 1999) . We now report the solution structure and backbone dynamics of CRBP II complexed with all-transretinol. The results indicate that binding of all-trans-retinol induces signi®cant changes in protein conformation and backbone dynamics.
Results and Discussion

Protein resonance assignments
In contrast to the apoprotein, in which a number of backbone 1 HN resonances were missing due to fast solvent exchange, the backbone 1 HN resonances of all but the ®rst two residues were observed in the HNCO and CBCA(CO)NNH spectra of 13 C, 15 N-enriched holo-CRBP II complexed with natural abundance all-trans-retinol collected at pH 7.4. Consequently, a complete sequencespeci®c backbone resonance assignment was accomplished using six scalar coupling-based experiments (detailed in Materials and Methods) at pH 7.4. All aliphatic side-chain 1 H and 13 C chemical shifts were assigned except for those of M1, H e and C e of K53, and H g and C g of R83. Most of the aromatic protons and side-chain amide protons were assigned using intra-residue NOE connectivity. Since the resonance assignments for the apoprotein were made at pH 6.5, the backbone and aliphatic side-chain 1 H and 15 N chemical shifts of holo-CRBP II complexed with all-trans-retinol were also measured at pH 6.5. The chemical shifts measured at both pH values differ by less than 0.1 ppm in the 1 H and by less than 0.8 ppm in the 15 N dimension.
Like apo-CRBP II, multiple backbone amide 1 H, 15 N resonances were observed for a number of residues at both pH 7.4 and 6.5, such as residues 3-5, 19, 23, 27, 75, 80, 90, 106, 109 and 121 . The chemical shift difference was small in all cases, suggesting that the corresponding conformational change might be subtle. No exchange cross-peak was observed for these residues, indicating that the exchange was slow under the experimental conditions. This is different from the observation for apo-CRBP II, in which exchange cross-peaks were observed for a number of residues (Lu et al., 1999) .
Ligand resonance assignments
C HMQC spectrum collected on CRBP II-bound (1, 4, 5, 8, 9, 16, 17, 18, C) all-trans-retinol aided in the assignment of ligand protons and their attached 13 C resonances (see Figure 1 ). The ole®nic region of this spectrum (see Figure 1 (a)) shows a single resonance corresponding to CH(8) . The methyl resonances CH 3 (16,17), CH 3 (18) and CH 3 (19) were assigned on the basis of comparisons with the aliphatic region of the HMQC spectra of CRABP I and CRABP II-bound (1, 4, 5, 8, 9, 16, 17, 18, C) all-trans-retinoic acid (Norris et al., 1995) and with previously published chemical shift data (Liu & Asato, 1984) . A single methylene resonance corresponding to CH 2 (4) was observed in the aliphatic region of the HMQC spectrum (see Figure 1(b) ).
In order to assign the remainder of the CRBP IIbound retinol proton resonances, 13 C-®ltered DQF-COSY, TOCSY and NOESY spectra were collected on a sample of natural abundance all-trans-retinol bound to 13 C, 15 N-enriched CRBP II at pH 7.4 (see Figure 1 (c) and (d)). Intense NOEs were observed between CH(7) and CH 3 (19), CH(11) and CH 3 (19) , and between CH(11) and CH 3 (20) . NOEs were detected between CH(8) and CH(10), CH(10) and CH(12) , and between CH(12) and CH (14) . These data are consistent with an 8-s trans, 10-s trans and 12-s trans conformation of the polyene chain for CRBP II-bound retinol. Intense NOE cross-peaks between CH(8)-CH 3 (16, 17) and between CH(7)-CH 3 (18) were observed, however no cross-peak between CH(8)-CH 3 (18) and CH(7)-CH 3 (16,17) was detected. This pattern is more consistent with a 6-s-trans conformation and distinctly different from those of intramolecular NOESY peaks observed for CRABP I and CRABP II-bound retinoic acid (Norris et al., 1995) .
Secondary structure derived from the chemical shift and NOE
The consensus chemical shift index of holo-CRBP II complexed with all-trans-retinol was calculated as described by Wishart & Sykes (1994) . The results are consistent with a secondary structure containing two short a-helices and ten b-strands. In contrast, the consensus shift indices of apo-CRBP II are consistent with only a single a-helix. The NOE analysis was carried out to determine secondary structure and con®rms the secondary structure derived by the chemical shift index method. The b-strands A to D form one part of the antiparallel b-sheet, and the b-strands E to J form the other part. Intrahelical NOE contacts were observed in two regions encompassing residues 18-23 and 28-35.
Chemical shift map
The root-mean-square (RMS) weighted difference of the amide proton and nitrogen chemical shifts of CRBP II upon binding of all-trans-retinol at pH 6.5 and at pH 7.4 are plotted by residue in The largest changes are observed in residues 34 and 36-38 at the end of the second helix and the beginning of the b-strand B, residues 56-62 in the b-hairpin C-D loop and residue 77 in the b-hairpin E-F loop. A complete comparison could not be made at pH 7.4, since a number of resonances were missing from the spectrum of apo-CRBP II due to fast exchange with solvent. However, there is little perturbation of the chemical shifts corresponding to residues within the b-barrel, including Gln109, whose side-chain amide group forms a hydrogen bond with the hydroxyl group of the retinol in the crystal structure. Instead, the chemical shift perturbations map to regions of the protein that correspond to the putative portal region of the protein, framed by a-helix II, the bC-bD turn and the bE-bF turn. A similar pattern was observed for the chemical shift perturbations in other main-chain and b-carbon atoms (see Figure 2 (c)). Proximity to the polyene chain could potentially account for some of the chemical shift changes observed in the bC-bD turn. However, large chemical shift perturbations are observed in residues (36-38 and 75) that are not predicted to be in close proximity to the bound ligand in the crystal structure. These changes are more likely due to conformational changes occurring upon ligand binding in this region of the protein.
NMR structure of holo-CRBP II: comparison with the X-ray structure of holo-CRBP II
The structure calculations of holo-CRBP-II were carried out using TINKER, a software package for molecular mechanics and dynamics. The protocol was the same as that used for apo-CRBP-II (Lu et al., 1999) N chemical shift differences to the RMS difference, a scaling factor of 5 used in the literature (Pellecchia et al., 1999) has been adopted here to scale down the 13 C and 15 N chemical shift differences. Hodsdon & Cistola, 1997a) . The protocol employs metric matrix distance geometry with pairwise Gaussian metrization followed by simulated annealing. The unique distance geometry algorithm implemented in TINKER overcomes the sampling and scaling problems of earlier distance geometry methods and is computationally more ef®cient. Currently, many NMR structures are calculated using robust torsion-space molecular dynamics algorithms as implemented in DYANA (Gu È ntert et al., 1997) and XPLOR/CNS (Stein et al., 1997.) . However, the distance geometry method used in TINKER has a distinct advantage for the calculation of molecular complexes. The ligand and protein atoms are embedded simultaneously, determining the global structure of the ligand-protein complex that is subsequently re®ned by simulated annealing. By contrast, torsion space methods calculate the protein structure without the ligand atoms present. After the protein structure is determined, the ligand must be introduced by a separate docking procedure, leading to the possibility of sampling or convergence problems in both stages of the procedure. The ®nal 25 NMR structures of holo-CRBP II were calculated from 3980 unique distance restraints, averaging 29.7 distance restraints per residue, after exclusion of the N-terminal residue M1. A stereodiagram of the ®nal 25 NMR structures superimposed on the X-ray structure of holo-CRBP II is shown in Figure 3 (a), and a ribbon diagram of the mean coordinates of the NMR structure ensemble is shown in Figure 3 (b). The restraint and structure statistics of the NMR ensemble are listed in Table 1 . The overall RMS deviation of the 25 structures from the mean structure is 0.85(AE0.09) A Ê for the main-chain heavy atoms and 1.50(AE0.12) A Ê for the sidechain atoms.
The NMR structure of holo-CRBP II complexed with all-trans-retinol is similar to the Xray structure (see Figure 3 ). Based on an optimal superposition using the entire protein sequence, the regions that are displaced by more than one standard deviation from the mean (see Figure 4 (a)) are at the N terminus, the C terminus and at the b-hairpin loops, which have fewer distance restraints. The a-helix II in the solution structure is displaced relative to the crystal structure by more than one standard deviation. This is largely due to H a -H a NOE and other H a to side-chain proton NOEs between F17 and A35, which reduced the F17H a -A35H a distance from 5.7-6.3 A Ê in the crystal structure to 4.3-5.0 A Ê in the NMR ensemble.
The bound retinol resides in the binding cavity located in the upper half of the protein core, as shown in Figure 3 (a) and (b). The polar hydroxyl group penetrates deep into the protein core, and the b-ionone ring is proximal to the helix-turn-helix motif. Ligand-protein NOEs were observed between retinol and residues Y20, M21, L24, I26, T30, A34, L37, Q39, K41, T54, F58, R59, N60, Y61, L63, G78, W107, Q109, L118, L120 and F131 (see Figure 5 ). All of these residues, except for F131, contain protons that are predicted to be within 5 A Ê of ligand protons in the crystal structure of holo-CRBP II. No NOE was detected for residues F17, I43 or T52, which were predicted to be within 4-5 A Ê of the ligand. This may be because the predicted distances between ligand and protein protons are at the limit for detection, or because of side-chain motional averaging. The overall shape of the binding cavity and the orientation of the bound retinol are very similar in the NMR and Xray structures.
The conformation of the bound retinol was determined based on a total of 98 ligand-protein restraints, and on torsion angle constraints generated by inspection of the intra-ligand NOE pat- a Analyzed using AQUA v.3.0 (Laskowski et al., 1996) . b The N-terminal residue M1 is excluded. c The product of the number of restraints and the number of structures (25) in the ensemble.
d Analyzed using PROCHECK-NMR v.3.5 (Laskowski et al., 1996) .
e The residues whose È and É angles are in the disallowed region in three or more of the 25 structures are 3, 17, 27, 57, 70, 101, 111 and 133, and in less than three structures are 2, 4, 16, 39, 48, 81-82, 92, 102-104, 114-115, 124 and 126. f Analyzed using PROCHECK v.3.5 (Laskowski et al., 1993) .
tern. The RMSD of the heavy atoms of bound retinol is 0.8 A Ê . The polyene chain assumes an all-trans planar conformation. The torsion angle between the b-ionone ring and the polyene chain is in the s-trans conformation (À119.90(AE0.04) ). The torsion angle restraints made in this structure calculation were set on the basis of the intense NOEs detected between CH(7) and CH 3 (18), and between CH(8) and CH 3 (16, 17) , and the absence of NOEs detected between CH(7) and CH 3 (16,17) or CH(8) and CH 3 (18). This pattern of NOEs is distinct from the pattern observed previously for CRABP II-bound retinoic acid, which was calculated to assume a skewed 6-s-cis conformation (À60 , Norris et al., 1995) . The dependence of relative NOESY cross-peak volumes on the 6-s torsion angle has been previously calculated as described by Norris et al. (1995) . These calculations indicate that the crosspeak volumes for CH(7)-CH 3 (16) and CH(8)-CH 3 (18) rise rapidly when the 6-s torsion angle deviates from 180 by more than 60 . Of note, the 6-s-torsional angle for the four CRBP II molecules in crystalline holo-CRBP II were À84 , À122
, À128 and À150 (Winter et al., 1993). Two energy minima are predicted for the 6-s torsion angle between the b-ionone ring and the polyene chain. One is a broad minimum centered around a skewed s-cis conformation, and the second is a relatively sharp energy minimum around an s-trans conformation. At these orientations, there are minimal steric interactions between the CH(7) and CH(8) vinyl protons and the ring methyl protons, CH 3 (16), CH 3 (17) and CH 3 (18). The 6-s-trans-conformation is predicted to be slightly less energetically favorable than the 6-scis conformation for the free ligand (Honig et al., 1971) . The difference in energy between these two states is small. Both conformations have been observed for retinoids in solution (Honig et al., 1971) and retinoids complexed with speci®c binding proteins (Harbison et al., 1985; Li & Norris, 1996) . a trace (in cyan) that are superimposed on the four molecules of the X-ray structure of holo-CRBP II (in yellow). The bound retinol is highlighted in green and red in the NMR and X-ray structures, respectively. (b) A ribbon diagram of the mean NMR structure of CRBP II-retinol (ball/stick model) complex. These molecular images and the subsequent ones were generated using MOLMOL v.2.6 (Koradi et al., 1996) .
Comparison of the NMR structure of holo-CRBP II with the NMR structure of apo-CRBP II
The structure of holo-CRBP II with an average RMSD of 0.85 A Ê is better de®ned than the apo form, which had an average RMSD of 1.06 A Ê . Excluding 127 intra-ligand and ligand-protein distance restraints, there are 591 more intra-protein distance restraints used in the ®nal structure calculation of holo-CRBP II than apo-CRBP II (Lu et al., 1999) . Among them, 35 are intra-residue restraints, 126 are sequential restraints, 150 are mediumrange restraints and 280 are long-range restraints. A sausage representation of the mean C a coordinates of the holo and apo structure ensembles shown in Figure 6 illustrates the differences in detail. The apo-CRBP II structure is less well de®ned than the holo-CRBP II structure in the region of aII and the adjacent linker to the b-strand B, residues 57-62 in the bC-bD loop and residues 72-76 in the bE-bF loop. However, the NMR B-fac- 
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tor for residues 80-82 of the bE-bF loop in the holo structure exceeds that of the apo structure.
The NMR structure of holo-CRBP II diverges from the NMR structure of apo-CRBP II in the proposed portal region (framed by aII and the adjacent linker to bB, the bC-bD turn, and the bE-bF turn). First of all, residues 28-35 form an a-helix in the holo structure as predicted by the chemical shift indices method. NOE constraints detected between the methylene and methyl protons on the b-ionone ring of retinol with T30 and A34 results in closer positioning of aII to the binding cavity. An increased number of NOE constraints detected between T38 of bB and E10, M11 and E12 of bA, and between Q39 and M11, is the basis for the large displacement of L37 and T38 towards bA. NOE cross-peaks were detected between the phenyl side-chain ring of F58 and H a of T30, H g of K32, as well as methyl substituents on the b-ionone ring of the bound retinol. This is in addition to the NOE cross-peaks with residues 33-35 and 37 that were also previously observed in the apo structure. Thus, binding of ligand has shifted the average orientation of the side-chain of F58 to coincide with that of the X-ray structures of holo (see Figure 5 ) and apo-CRBP II. Compared with the orientation of the F58 side-chain in the solution structure of apo-CRBP II (Lu et al., 1999) , this sidechain now further blocks the entry into the binding cavity.
The gap between bD and bE in the holo structure is smaller than the gap in the apo structure. As shown in Figure 6 , the C a -C a distance between residues F65 and F71, which are located in the lower part of the gap, is reduced by 1 A Ê . The C a -C a distance between residues R59 and G77, which are located in the upper part of the gap is reduced by 3 A Ê . Twenty-®ve inter-strand NOEs were detected in the upper part of the gap in holo-CRBP II, compared to only ten in the apo structure. In addition, ligand protein NOE constraints were detected for residues 54, 58-61 and 63 of the bC-bD loop and for L78 of the bE-bF loop. There is also a large backbone displacement of the bG-bH turn in holo-CRBP II relative to apo-CRBP II, which can be attributed partly to the tight coupling between the bG and bF strands.
Ligand-induced changes in backbone dynamics
To determine if the decreased regional disorder observed in the NMR structures of holo-CRBP II was due to changes in molecular¯exibility, amide 15 N NMR relaxation parameters, T 1 , T 2 and NOE values were measured for each residue at a ®eld strength of 500 MHz, pH 6.5 and 25 C (provided as Supplementary Material). Holo-CRBP II exhibited no signi®cant elevation of T 1 or depression of NOEs, which are indicative of internal motions on a sub-nanosecond timescale. This was observed also for apo-CRBP II (Lu et al, 1999) . However, unlike apo-CRBP II, which showed signi®cantly depressed T 2 values for the amide protons corresponding to residues 30, 32, 34-36, 56, 58, 60 and 61, the T 2 values observed for holo-CRBP II arē at. The exception is a signi®cant depression in the T 2 value for D114 in the bH-bI loop. These data suggest that backbone¯exibility is markedly decreased upon ligand binding. The model-free parameters were obtained based on the three-parameter (S 2 , t e and R ex, app ) representation of the spectral density function and a globally optimized overall rotation time of 7.9(AE0.1) ns. As shown in Figure 7 (a), the S 2 values for most of the residues in holo-CRBP II are between 0.8 and 0.9. This is very similar to the pro®le obtained for apo-CRBP II (Lu et al., 1999) except for residues 3, 38, 60, 91, 102 and 113, which have S 2 values smaller than 0.7 in apo-CRBP II. These residues are located at the N terminus, the linker between aII and bB, the bC-bD, bF-bG, bG-bH and bH-bI turns. Thus, the elevated S 2 values of these residues upon ligand binding suggest that their backbone motions on the nanosecond time-scale are more restricted in holo than in apo-CRBP II. The R ex, app value was signi®cantly increased for only residue D114 of holo-CRBP II (see Figure 7(b) ). The R ex, app value for D114 was also increased for apo-CRBP II (Lu et al., 1999) . However no increase was observed in residues 28-40 corresponding to aII and adjacent linker to bB, and the bC-bD turn of the holoprotein.
Amide exchange on the millisecond to second timescale was measured by comparing relative peak intensities in gradient-enhanced 2D 1 H-15 N HSQC spectra collected with and without solvent presaturation at pH 7.4. The difference in the relative peak intensities with and without solvent presaturation observed for holo-CRBPII and apo-CRBP II is plotted in Figure 7 (c). Two segments comprising residues 27, 30 and 32-35 in aII, and residues 57-59 in the bC-bD turn show a marked increase (0.3) of relative signal intensities upon ligand binding. Unfortunately, the residues in the bE-bF turn cannot be compared because of signal overlap. Thus, both amide exchange and relaxation data indicate that binding of retinol decreases backbone¯exibility in the microsecond to second timescale in the region of aII and adjacent linker to bB, and in the region of the bC-bD turn.
Ligand-induced changes in protein conformation
Apo-CRBP II has a more expanded structure than holo-CRBP II because it has fewer NOE constraints, which are due, in part, to increased backbone¯exibility on the microsecond to second timescale. Another important piece of independent evidence that binding of ligand induces changes in protein conformation comes from inspection of chemical shift perturbations. Two-site chemical exchange cross-peaks between the major and minor amide proton resonances corresponding to residues F28, I33 and R36 were observed in the 3D 15 N-resolved NOESY spectrum of apo-CRBP II. However, only a single resonance was observed for these amide protons in the corresponding spectrum of holo-CRBP II. The 1 H and 15 N chemical shifts of residues F28, I33 and R36 in holo-CRBP II more closely approximate the chemical shifts of the minor resonances than the major resonances of these three residues in apo-CRBP II (see Table 2 ). The detection of a limited number of HN i 2 -HN i and HN i 3 -H a i
NOEs identi®ed between the minor resonances, but not between the major resonances, suggested that the less populated conformation for the apoprotein is helical and the more populated conformation is a random coil. A comparison of the chemical shift consensus indices corresponding to residues 28-34 in holo-CRBP II (see Figure 4) , with those for apo-CRBP II (Lu et al., 1999) indicate that this region of the protein undergoes a coil to helix transition on binding retinol. Although the more extended conformation of the bC-bD and bE-bF turn in apo-CRBP II may re¯ect Figure 6 . A``sausage'' representation of the mean holo (left) and apo structures (right). The thickness of the sausage is de®ned by the NMR B-factor, which is the meansquare displacement multiplied by 8/3 * pi * pi (Koradi et al., 1996) . The a-helix, b-strand and coil are highlighted with red, cyan and gray, respectively. The two distances (in A Ê at the D-E gap) are between the a-carbon atoms of residues R59 and G77 as well as F65 and F71 (near the bottom). a It includes all the residues shown in Figure 4 (a) and the value is the mean of all. the decreased number of NOE restraints observed in this region, an inspection of the chemical shift map (see Figure 3) suggests that these regions undergo changes in conformation upon binding retinol.
Structural basis for differences in the ligand protein interactions of CRBP II and CRBP CRBP and CRBP II exhibit differences in their pattern of tissue expression during development, suggesting that they serve different physiological functions Li & Norris, 1996) . CRBP is located in many tissues but is most abundant in liver, kidney and testis. CRBP is essential for storage of retinol in the liver, particularly when animals are fed a vitamin Ade®cient diet (Ghyselinck et al., 1999) . CRBP II is localized within the absorptive intestinal epithelial cells and in perinatal hepatocytes Li & Norris, 1996) . This suggests that it may play a role in vitamin A absorption, and may also play an important role in the maternal-fetal transfer of all-trans-retinol. CRBP and CRBP II differ in their ligand binding af®-nities for all-trans-retinol, ligand binding speci®city, and the mechanism of retinol transfer to phospholipid membranes. CRBP II binds retinol with an af®nity that is at least an order of magnitude less than the retinol-binding af®nity of CRBP (Li et al., 1991; Herr et al., 1999) . Retinol analogs lacking the ring methyl substituents fail to bind CRBP II but bind tightly to CRBP (Rong et al., 1993) . Transfer of retinol from CRBP II to phospholipid vesicles is independent of vesicle concentration or phospholipid composition, whereas transfer of retinol from CRBP to phospholipid vesicles increases with increasing vesicle N-relaxation parameters using the three-parameter (S 2 , t e and R ex, app ) models. The 15 N-relaxation parameters were measured at a 500 MHz magnet, pH 6.5 and 25 C. Omitted values were due to severe signal overlaps rather than missing assignments, except for those of residues 1 and 2 in both forms and 39 in the apo form. (b) Histogram of the conformational exchange rate R ex, app overlaid with those of the apo-CRBP II. Note that the R ex described here is not the true R ex , but an apparent one, which contains contributions from amide exchange in addition to the true R ex . (c) Difference of the saturation transfer rate between holo and apo-CRBP II 25 C and pH 7.4. The saturation transfer rate is de®ned as the relative intensity of a backbone amide proton signal with and without solvent saturation.
concentration and with the incorporation of anionic lipids such as cardiolipin or phosphatidylserine in the vesicles (Herr et al., 1999) . These results suggest that transfer of retinol from CRBP II involves diffusion through the aqueous solution. In contrast, transfer of retinol from CRBP to phospholipid vesicles requires direct contact between the protein and membrane in order to release the bound retinol.
We hypothesize that release of retinol from the binding pocket is triggered by perturbation of the helix-turn-helix motif. The structural basis for differences in ligand-binding properties of CRBP and CRBP II ultimately resides in the sequence divergence between the two proteins. There are 58 of 133 positions where the sequence of rat CRBP II differs from that of rat CRBP, and these positions are distributed throughout the length of the protein. However a number of positions are clustered in the helixturn-helix motif and the adjacent linker to bB. These mutations from CRBP II to CRBP include
, and Q39(P). M21, I26, T30 and Q39 of CRBP II are predicted to be in close proximity to the ring methyl substituents of bound retinol. Removal of these substituents abolishes retinol binding to CRBP II but not to CRBP. What remains to be determined is whether the sequence divergence in this region accounts for the differences in CRBP and CRBP II ligand-binding properties. It is likely that no single substitution is suf®cient, since single mutations of CRBP in this region resulted in relatively modest alterations in ligand-binding af®nity (Penzes & Napoli, 1999) . However, substitution of the helix-turn-helix motif of CRBP II with that of CRBP may signi®cantly increase its binding af®nity for retinol and alter its interactions with lipid membranes.
It remains to be determined whether the second helix of CRBP locally unfolds in the apo form in solution. Molecular dynamics and essential dynamics (ED) simulations of CRBP indicate that, on binding all-trans-retinol, the bC-bD loop, the bE-bF loop and aII from the helix-turn-helix motif move towards each other and close the entrance to the ligand-binding site (van Aalten et al., 1995) . This motion is part of the``essential space'' of both holo-CRBP and apo-CRBP, but is predicted to be far more restricted in holo-CRBP than in apo-CRBP. The essential motions in holo-CRBP and apo-CRBP show a concerted motion of these elements, which are facilitated by the presence of two hinges, located at residues corresponding to G68 and T38 of CRBP II. The crystal structure of holo but not apo-CRBP has been reported; however, the coil to helix transition was not observed in the crystal structures of apo and holo-CRBP II. Studies are underway to determine the solution structure of apo-CRBP and to determine whether exchanging the residues comprising the second helix signi®cantly alter the ligand-binding properties of these two proteins.
Materials and Methods
Sample preparation
The expression, puri®cation and delipidation of 13 C, 15 N-enriched, 15 N-enriched and natural abundance CRBP II proteins have been described (Lu et al., 1999) . A holo-CRBP II sample used in the NMR study was prepared as described (Norris et al., 1995) . The phosphate buffer with pH 7.4 or pH 6.5 was prepared in the same way as that for apo-CRBP II (Lu et al., 1999) . The ®nal concentrations of the NMR samples were usually between 1.0 and 2.0 mM, unless speci®ed otherwise (see the next section).
Preparation of (2, 3, 6, 7, 8, 9, 10, 11, 
C)-all-transretinol
A sub-milligram amount of (2, 3, 6, 7, 8, 9, 10, 11, C)-all-trans-retinoic acid bound to natural abundance CRABP I and CRABP II (Norris et al., 1995) was extracted with hexane and a 2:1 mix of hexane and ethyl acetate as described (Napoli & Horst, 1998) . The N 2 gasdried extract was mixed with 100-fold molar excess of diisobutylaluminum hydride in hexane (Aldrich, Milwaukee, WI) at 0 C, as described (Rong et al., 1993) . After ®ve hours, the reaction was quenched with icewater, and the product (2, 3, 6, 7, 8, 9, 10, 11, C)-all-transretinol (ligand 2) was extracted with ethyl acetate. The conversion rate was over 96 %, as measured by HPLC, and no further puri®cation was necessary. A total of 22 mg of ligand 2 was obtained and used to make a $0.2 mM holo-CRBP II NMR sample for resonance assignments of the bound ligand.
NMR spectroscopy
The NMR experiments were carried out at 25 C on either a Varian UNITY or UNITYplus 500 MHz spectrometer equipped with an actively shielded Z-gradient probe and a gradient ampli®er unit. The sequencespeci®c resonance assignments and the 3D structure determination were carried out on 13 C, 15 N-enriched holo-CRBP II samples at pH 7.4. For backbone resonance assignments, six triple-resonance 3D spectra were recorded, including HNCO , HNCACB , TOCSY-HMQC, CBCACO(CA)HA (Kay, 1993a) , HCA(CO)N (Powers et al., 1991) and CBCA(CO)NNH . For side-chain resonance assignments, 3D HCCH-TOCSY (Bax et al., 1990) and CC-TOCSY (Kay, 1993b ) spectra were recorded. For structure determination, 3D
13 C-resolved and 15 Nresolved (Zhang et al., 1994) NOESY-HSQC spectra were recorded. For the 1 H and 13 C resonance assignment of the bound all-trans retinol, 13 C double-tuned Z-gradient ®ltered DQF-COSY and TOCSY (Ogura et al., 1996) spectra were recorded on natural abundance all-trans-retinol bound to 13 C, 15 N-enriched CRBP II at pH 7.4, and a 1 H, 13 C HMQC spectrum was recorded on ligand 2 bound to natural abundance CRBP II at pH 7.4. For the identi®cation of proteinligand interaction, a 13 C, 15 N double-half-®ltered NOE experiment (Slijper et al., 1996) was carried out on natural abundance all-trans-retinol bound to 13 C, 15 N-enriched CRBP II at pH 7.4. The assignment of the backbone HN and side-chain proton resonances at pH 6.5 was made in the 3D 15 N-resolved TOCSY-HSQC and NOESY-HSQC spectra recorded on an 15 Nenriched protein sample at pH 6.5. This sample was subsequently used for 15 N relaxation measurements in a way similar to that described previously (Hodsdon & Cistola, 1997b) . The relaxation delays for T 1 measurement were 22.3(3), 55.8, 112, 168(3), 223, 279, 335, 447, 558, 670 and 782 ms, and those for T 2 measurement were 15.5(2), 31.0, 46.6, 62.1, 77.6, 93.1, 109, 140 and 171(2) ms. The steady-state { 1 H} 15 N NOE spectrum and its reference spectrum were measured in three pairs. The saturation transfer spectrum and its reference spectrum were recorded in three pairs at both pH 7.4 and 6.5. The 1 H, 13 C and 15 N chemical shifts were referenced as described (Lu et al., 1999) .
Restraint derivation and structure calculations
The procedure for the derivation of intra-protein distance and dihedral angle restraints has been described (Lu et al., 1999) . The NOE constraint lists were constructed from the cross-peaks in 3D 13 Cresolved and 15 N-resolved NOESY-HSQC spectra and 2D 13 C, 15 N double-half-®ltered NOE spectra using a tolerance of 0.04 ppm. The dihedral angles of the ®ve double bonds in all-trans-retinol were ®xed at 180(AE5)
. The dihedral angles of the four single bonds (6-s, 8-s, 10-s and 12-s) were ®xed at 180(AE60) (see Results and Discussion). For protein-ligand interaction, six unique NOE constraints between L78 H d of the protein and H8, H12, H16, H17, H18, H19 of the ligand were initially identi®ed. Other inter-ligand-protein NOEs were gradually interpreted based on the NMR working model. The structure calculations were performed on a Silicon Graphics O2/R10000 workstation, using DISTGEOM, a unique distance geometry/ simulated annealing algorithm implemented in the TINKER protein modeling package described by Hodsdon et al. (1996) . The calculation was usually carried out to yield 25 structures for statistical analysis of the distance restraint violation. Restraints whose upper bounds were violated in more than ®ve of the 25 structures were removed. A total of 2338 distance restraints obtained manually in a systematic fashion (Lu et al., 1999) were used to establish the initial global fold. These include 864 intra-residue, 895 sequential, 123 medium-range, 456 long-range and 18 protein-ligand distance restraints. After a six-round iterative ®ltering procedure (Hodsdon et al., 1996) , 3223 distance restraints were obtained automatically. Subsequently, the remaining unassigned cross-peaks were sorted out and inspected in the spectra. They were interpreted based on the NMR working model, given the same tolerance of 0.04 ppm. In the rest of the iterative calculations, these unassigned cross-peaks would be interpreted as much as possible. In addition, effort was made to maintain the regular secondary structures, in particular the b-strands, and improve the stereochemical quality of the protein structures. A total of 16 rounds of iterative calculations were carried out to obtain the ®nal structures. In the ®nal calculation, 30 structures were generated and 25 of them were within two standard deviations from the average penalty function value. These 25 structures were accepted as the ®nal structures and the corresponding average penalty function value was 0.10 AE 0.10.
Relaxation and model-free parameter calculations
The 15 N relaxation parameters T 1 , T 2 , steady-state NOE were calculated as described (Farrow et al., 1994; Hodsdon & Cistola, 1997b) . Backbone dynamics was derived from the 15 N relaxation parameters using Farrow's software (1994) written based on the model-free formalism. The generalized order parameter S 2 , effective correlation time t e and the apparent exchange rate R ex, app were used to ®t the relaxation parameters of all residues in holo-CRBP II in the same way as in the study of apo-CRBP II.
Protein Data Bank and BioMagResBank accession numbers
The coordinates of the ®nal 25 structures of apo-CRBP II and the distance restraints used to calculate the ®nal ensemble have been deposited in the RCSB Protein Data Bank with accession number 1EII. 
